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Introduction
The worldwide prevalence of diabetes is 9.3% (463 mil-
lion individuals), a figure that is predicted to increase to 
10.9% (700 million) by 2045 [1]. Diabetic cardiomyopa-
thy (DCM), which was identified nearly half a century 
ago [2], is the primary cause of heart failure among dia-
betic patients [3, 4]. Despite the exponential increase in 
the number of preclinical and clinical studies on DCM 
in recent decades, the pathogenesis of this condition has 
not been fully elucidated.

Hyperglycaemia and hyperlipidaemia represent cru-
cial hallmarks of diabetes and are also pivotal pathogenic 
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Abstract
Objectives  The pathophysiology of diabetic cardiomyopathy (DCM) is a phenomenon of great interest, but 
its clinical problems have not yet been effectively addressed. Recently, the mechanism of ferroptosis in the 
pathophysiology of various diseases, including DCM, has attracted widespread attention. Here, we explored the role 
of PACS2 in ferroptosis in DCM through its downregulation of PACS2 expression.

Methods and results  Cardiomyocytes were treated with high glucose and palmitic acid (HGPA), and the detection 
of cardiomyocyte iron ions, lipid peroxides, and reactive oxygen species (ROS) revealed clear ferroptosis during these 
treatments. Silencing PACS2 downregulated CPT1A expression and upregulated DHODH expression significantly, 
reversing HGPA-induced ferroptosis. Further silencing of PACS2 with a CPT1A agonist exacerbated cardiomyocyte 
ferroptosis while promoting mitochondrial damage in cardiomyocytes. Using a mouse model of type 2 diabetes 
induced by streptozotocin (STZ) and a high-fat diet (HFD), we found that PACS2 deletion reversed these treatment-
induced increases in cellular iron ions, impaired cardiac function, mitochondrial damage and ferroptosis in cardiac 
muscle tissues.

Conclusions  The PACS2/CPT1A/DHODH signalling pathway may be involved in ferroptosis in DCM by regulating 
cardiomyocyte mitochondrial function.
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determinants of the disease. Dyslipidaemia has emerged 
as the primary instigator in type 2 diabetes progression, 
suggesting that diabetes is “diabetes mellitus with lipid 
disorders” [5, 6]. Despite intensive glycaemic control 
therapy, large-scale population-based clinical inquiries 
have revealed negligible alterations in the ultimate inci-
dence and resolution of diabetic complications [7, 8]. 
In the practical context of diabetic complications, sugar 
and lipids, which are ubiquitously produced, may exert a 
more deleterious effect on various tissues and organs [9–
11]. Consequently, glucolipotoxicity aptly embodies the 
chronic interplay of hyperglycaemia and hyperlipidaemia 
in the diabetic milieu, culminating in vascular and tissue 
injury, including diabetic cardiomyopathy [12, 13]. With 
the advent of diabetes, heightened systemic glucose lev-
els incite metabolic perturbations, prompting a shift in 
cardiomyocyte metabolism towards fatty acid utilization 
and fostering intracellular lipid accrual and subsequent 
lipotoxicity [14, 15]. Intracellular lipid accumulation can 
lead to excess reactive oxygen species (ROS), causing cell 
death and thus diabetic complications [16–18]. Several 
studies have reported that ROS are strongly associated 
with ferroptosis [19, 20].

Ferroptosis is a nonapoptotic form of regulated cell 
death that is induced by overproduction of phospho-
lipid hydroperoxides in an iron-dependent manner. It is 
morphologically, biochemically, and genetically distinct 
from apoptosis and necroptosis [21, 22]. Ferroptosis 
has been implicated in the pathological processes asso-
ciated with cardiac ischaemia/reperfusion injury and 
doxorubicin-induced cardiomyopathy [23, 24]. Studies 
have also reported that ferroptosis plays a role in diabetic 
cardiomyopathy, but the mechanism is not well under-
stood. Increasing evidence suggests that iron overload 
in individuals with diabetes increases the risk of insulin 
resistance and diabetes progression and also aggravates 
cardiovascular complications  via  the Fenton reaction 
[25–27]. Simultaneous increases in ROS and lipid per-
oxidation exacerbate cellular ferroptosis [28]. There-
fore, we aimed to define the role of ferroptosis in DCM 
pathogenesis.

Phosphofuranic acidic cluster sorting protein 2 
(PACS2) is a key protein that regulates metabolic diseases 
and is expressed in tissues such as the heart, skeletal 
muscle and brain. PACS2 is involved in membrane traf-
ficking and also mediates cellular mitochondrial function 
[29, 30]. We previously showed that, under hyperglycae-
mic and hyperlipidaemic conditions, HGHF induces an 
increase in PACS2 expression in endothelial cells, caus-
ing fatty acid β-oxidation (FAO) alterations in endothelial 
cells [29], thereby promoting the development of diabe-
tes. However, it is unclear whether PACS2 is involved in 
the development of DCM. It has been reported in the lit-
erature that PACS2 plays a key role in diabetic mice and 

that the expression of PACS2 is significantly increased in 
hepatocytes of high-fat-fed ob/ob mice [31]. We found 
that PACS2 is associated with DCM, but the specific 
mechanism by which PACS2 regulates DCM remains 
unclear.

Carnitine palmitoyltransferase 1A (CPT1A) is the rate-
limiting enzyme in fatty acid β-oxidation; it catalyses the 
transfer of long-chain acyl groups from acyl coenzyme A 
ester to carnitine, allowing fatty acids to enter the mito-
chondrial matrix for oxidation, and whose deficiency or 
aberrant regulation leads to metabolic disorders [32]. 
Fatty acid accumulation promotes the development of 
insulin resistance, ultimately leading to type 2 diabetes 
and hyperinsulinaemia [33]. CPT1A has been reported to 
have significant effects on metabolic syndrome, cardio-
vascular disease, type 2 diabetes and other diseases [34]. 
For example, a clinical study of the CPT1A inhibitor eto-
moxir showed improvement in the course of heart fail-
ure but was terminated prematurely due to elevated liver 
transaminase in enrolled patients [35], which suggest a 
deleterious effect of CPT1A. However, increasing CPT1A 
expression can improve lipid metabolic abnormalities 
such as metabolic syndrome, obesity and type 2 diabetes, 
and hypertriglyceridemia [36]. Increased CPT1A expres-
sion has been shown to significantly reduce hepatic tri-
glyceride levels, and inhibit the JNK factor to prevent the 
inflammatory response caused by free fatty acids [33]. In 
addition, insufficient hepatic CPT1A expression leads to 
steatosis, and liver CPT1A gene therapy reduces diet-
induced hepatic steatosis and obesity in mice [37]. These 
suggest a protective role for CPT1A. The role of CPT1A 
varies across tissues and pathologies.

Dihydroorotic acid dehydrogenase (DHODH) is a 
newly identified key protein with anti-ferroptosis proper-
ties that scavenges intracellular ROS in human cells and 
thus inhibits cellular ferroptosis [38]. DHODH activity 
has been reported to be significantly reduced in tumour 
cells [38].

In this study, we explored whether PACS2 regulates fer-
roptosis in cardiomyocytes trefereugh CPT1A/DHODH 
signalling. We also established a streptozotocin (STZ) 
and high-fat diet (HFD)-induced type 2 diabetic mouse 
model [39, 40] to assess the impairment of myocardial 
ferroptosis. In addition, we used an in vitro model of car-
diomyocyte injury [41, 42] induced by HGPA to study the 
major molecular mechanisms underlying changes in fer-
roptosis and impairment of mitochondrial function.

Materials and methods
Animal model and study design
All animal manipulations were approved by the Insti-
tutional Animal Care and Ethics Committee of Cen-
tral South University (Approval No.CSU-2023-0158). 
Eight-week-old male C57BL/6  J wild-type (WT) and 
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phosphofuranic acid cluster sorting protein 2 (PACS2) 
knockout (PACS2−/−) mice were purchased from Nan-
jing Institute of Biomedical Research, Nanjing University, 
and were housed in standard pathogen-free conditions at 
Xiangya School of Medicine, Central South University, 
where they were provided with a standardized laboratory 
diet, with free access to food and water, and with indoor 
temperature (22 ± 1) and humidity (65–70%) with a 12-h 
light–dark cycle. At the end of the study, all animals were 
anesthetized by inhalation of isoflurane (1.5–2%) and 
then euthanized by bloodletting.

After 1  week of acclimatization, the mice were 
randomly divided into WT, PACS2−/−, HFD, and 
HFD + PACS2−/− groups of 6 mice each, with the WT and 
PACS2−/− groups fed a standard diet and the HFD and 
HFD + PACS2−/− groups fed a HFD (D12109C, Research 
Diets, New Brunswick, NJ, USA); the latter two HFD 
groups were given 5 consecutive intraperitoneal injec-
tions of 35 mg/kg STZ (S0130, Sigma‒Aldrich, San Louis, 
MO, USA) between 9 and 10 weeks. STZ was dissolved 
in sodium citrate-hydrochloric acid buffer (SSC) at pH 
4.5. The WT and PACS2−/− groups were injected with 
the same volume of SSC. Blood glucose was measured at 
14  weeks, and mice with blood glucose > 11.1  mM were 
considered diabetic.

Cell culture
H9c2 (CRL-1446) cardiomyocytes were obtained from 
the American Type Culture Collection, cultured in 
medium containing glucose 4.5  mM (C11965500BT, 
DMEM, Gibco, Germany) supplemented with 10% foe-
tal bovine serum (0500, FBS, ScienCell, USA), incubated 
in a carbon dioxide incubator, and treated with 30  mM 
glucose and 0.1  mM palmitic acid (PA) (P0500, Sigma‒
Aldrich, USA) dissolved in 0.5% bovine serum albumin 
(BSA) for 48 h to simulate HGPA treatment.

Lentiviral transfection of PACS2 shRNA
To construct the rat PACS2-silenced lentivirus 
(GeneChem production), the hU6-MCS-CMV-puromy-
cin vector was used, and the silencing target sequence 
was as follows:

sh1: ​G​C​G​C​T​A​C​T​G​C​G​C​A​G​G​T​T​T​A​A​A;
sh2: ​A​G​G​C​A​A​C​A​A​G​C​T​A​C​A​G​A​T​C​A​T;
sh3: ​A​A​G​C​A​C​C​A​A​C​A​G​A​A​C​A​T​G​C​T​T.
The control lentivirus was inserted with a nonsense 

sequence: ​T​T​C​T​C​C​G​A​A​C​G​T​G​T​C​A​C​G​T. LV-PACS2 
was transfected into H9c2 cells (MOI of 20), and PACS2-
silenced cells (referred to as shPACS2) and control cells 
(referred to as Ctrl) were harvested after screening at a 
final concentration of 4  μg/ml puromycin for 5‒7  days. 
shPACS2 (sh2)- and shPACS2 (sh3)-silenced H9c2 cells 
accounted for > 90% of the transfected H9c2 cells.

Masson staining
Paraffin sections were deparaffinized sequentially until 
they were rinsed under running water, and the sections 
were immersed in Masson A liquid overnight and rinsed 
under running tap water. The sections were immersed in 
equal proportions of Masson B and Masson C, stained 
for 1  min, washed with tap water, differentiated for a 
few seconds, and washed with tap water. The sections 
were dipped into Masson D for 6  min, rinsed with tap 
water, and dyed with Masson E for 1  min. The sections 
were directly dyed with Masson F for 2–30  s. The sec-
tions were rinsed and differentiated with 1% acetic acid 
and dehydrated in two vats of anhydrous ethanol. The 
sections were placed in anhydrous ethanol for 5 min, in 
xylene for 5 min to clear, and with neutral gum to seal the 
slices.

Label-free quantitative proteomics
After treatment with HGPA for 48 h, the H9c2 cells were 
collected to extract total protein, and the peptide samples 
(2 μg) were separated and analysed by Kangchen Biotech 
Co. Ltd. (Shanghai, China) via the EASY-nLC1200 system 
and a Q Exactive mass spectrometer (120  min/sample). 
Differentially expressed peptides with p < 0.05 and a fold 
change > 2 were analysed by Gene Ontology (GO) enrich-
ment via Blast2GO 4.0.7 software.

Western blot analysis
The cells were collected, and total proteins were 
extracted and subjected to Western blotting with the 
following antibodies: anti-CPT1A (12252S, Cell Signal-
ing Technology, USA), PACS2 (19508-1-AP, Proteintech, 
China), GAPDH (60004-1, Proteintech, China), DHODH 
(ab174288, Abcam, UK), DRP1 (ab184247, Abcam, UK), 
Mfn2 (ab124773, Abcam, UK) and an HRP-conjugated 
goat anti-rabbit IgG secondary antibody (PR30011, Pro-
teintech, China).

Haematoxylin and eosin (H&E) staining
To determine whether diabetes alters heart morphology, 
hearts were collected at the end of the study. The hearts 
were photographed and fixed with 4% paraformaldehyde. 
The tissues were then dehydrated, embedded in paraf-
fin blocks, cut into 5-μm-thick sections, and mounted 
on slides coated with 3-aminopropyltriethoxysilane. The 
sections were deparaffinized, rehydrated, rinsed in H2O 
and stained with haematoxylin‒eosin.

Echocardiography
Two-dimensional directional M-mode echocardio-
graphic images were acquired in long-axis and short-axis 
views at the level of the papillary muscles and recorded at 
a speed of 66 mm/s. The left ventricular internal diame-
ter and wall thickness were obtained from cross-sectional 
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short-axis views. The heart rate was recorded simultane-
ously. The left ventricular shortening rate (LVFS%), ejec-
tion fraction (LVEF%), and left ventricular wall thickness 
were calculated from M-mode tracings. Measurements of 
diastolic dysfunction, such as the mitral E/e' ratio, were 
performed from diastolic two-dimensional parasternal 
short-axis views.

Transmission electron microscopy
After myocardial perfusion, the animals were eutha-
nized and examined via transmission electron micros-
copy (TEM; Hitachi, Tokyo, Japan). Myocardial tissues 
were fixed in phosphate buffer solution (PBS) containing 
1.25% glutaraldehyde and 2% paraformaldehyde and then 
postfixed in phosphate buffer solution (PB) containing 
1% OsO4 for 2 h. Tissue blocks smaller than 1 mm3 were 
dehydrated, embedded in resin blocks, cut into ultrathin 
sections of 60–80  nm (Leica, Wetzlar, Germany) and 
stained with 2% uranyl acetate. Images were captured via 
TEM.

Assessment of reactive oxygen species
Intracellular ROS production was determined according 
to the 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA) assay provided by the manufacturer (S0033S, Beo 
Tianmei Biotechnology Institute, Shanghai, China). The 
cells were washed three times with serum-free ECM, 
inoculated into 6-well plates at a density of 2 × 105 cells/
well, and then incubated with 10  μM DCFH-DA for 
30  min at 37  °C. The cells were incubated with 10  μM 
DCFH-DA for 1 min at 37 °C for 2 min. Subsequently, the 
cells were washed again and observed under an inverted 
fluorescence microscope (Olympus Corporation, Tokyo, 
Japan). The average fluorescence intensity was deter-
mined via ImageJ software.

FerroOrange staining
The Fe2+ levels in different groups of cardiomyocytes and 
myocardial tissues were determined via FerroOrange 
(F374, Dojindo, Japan). The samples were gently rinsed 
twice with PBS to remove extracellular Fe2+, and a 1 mM 
FerroOrange stock solution was then diluted with PBS 
to prepare a staining solution with a final concentration 
of 1  μM. The staining solution was added to cover the 
sample. The samples were then incubated in a wet box at 
37 °C for 30 min, and the nuclei were labelled with DAPI 
for 5  min. After staining, the cells were washed twice 
with PBS for 5 min each and then visualized with a con-
focal microscope (LSM800, Zeiss, Germany).

Liperfluo staining
Lipid peroxide levels in H9c2 cardiomyocytes and mouse 
myocardial tissues were measured with Liperfluo (L248, 
Dojindo, Japan). The samples were gently rinsed twice 

with PBS, and a staining solution with a final concentra-
tion of 5 μM was then prepared by diluting 1 mM Liper-
fluo stock solution with PBS. The staining solution was 
added to cover the sample. The samples were then incu-
bated in a wet box at 37  °C for 30  min, and the nuclei 
were labelled with DAPI for 5  min. After staining, the 
cells were washed twice with PBS for 5  min each and 
then visualized with a confocal microscope.

Immunofluorescence staining
The cells were fixed with 4% paraformaldehyde for 
15 min, permeabilized with 0.5% Triton X-100 in phos-
phate buffer solution (PBS) for 10 min and blocked with 
1% BSA in PBS for 30  min. The cells were then incu-
bated continuously overnight at 4  °C with primary anti-
bodies against Drp1 (ab184247, Abcam, UK) and Mfn2 
(ab12477, Abcam, UK), and the secondary antibody was 
goat anti-rabbit IgG H&L (Alexa Fluor®488) (ab150077, 
Abcam, UK) for 1 h at room temperature. The cell nuclei 
were stained with DAPI (BS097, Biosharp, China) for 
5 min at room temperature. The cells were observed via 
confocal microscopy and digitized via ImageJ software.

Statistical analysis
Statistical analysis was performed via SPSS statistics ver-
sion 23.0 (IBM, Armonk, New York, USA). All the data 
are expressed as the means ± standard deviations. Com-
parisons of data between two groups were performed 
via Student's t test. For data from more than two groups, 
one-way analysis of variance (one-way ANOVA) was 
used. P < 0.05 was considered statistically significant.

Results
HGPA induces ferroptosis and increases PACS2 expression 
in cardiomyocytes
To explore whether HGPA is associated with ferroptosis 
in diabetic cardiomyocytes, we treated cardiomyocytes 
with HGPA for 48  h. The results revealed that ferrop-
tosis was significantly elevated in cardiomyocytes and 
that the lipid peroxide and ROS contents were increased 
(Fig.  1A–F). Electron microscopy examination of the 
mitochondria in both groups of cardiomyocytes revealed 
that the mitochondria in the HGPA group underwent 
coupling and thickening of the plasma membrane, and 
significant ferroptosis occurred (Fig.  1G). Interest-
ingly, protein blotting revealed that PACS2 was highly 
expressed in the HGPA group compared with the control 
group, suggesting that PACS2 plays an important role 
in the development of DCM (Fig.  1H, I). Furthermore, 
ferroptosis-specific inhibitor ferrostatin-1 (Fer-1) atten-
uated HGPA-induced levels of the ferroptosis marker 
ferric ion with lipid peroxidation (see Supplementary 
material Fig. S1). Collectively, these results suggest that 
HGPA induced iron death in cardiomyocytes.
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Fig. 1  HGPA significantly increases cardiomyocyte ferroptosis and PACS2 expression. A, B Comparison of lipid peroxidation fluorescent probe staining 
results for H9c2 cells in the control and HGPA groups (n = 3). Scale bar = 20 μm. C, D Fluorescent probe staining for iron ions in H9c2 cells in the control 
and HGPA groups (n = 3). Scale bar = 20 μm. E, F Fluorescent probe staining for ROS in H9c2 cells in the control and HGPA groups (n = 3). Scale bar = 20 μm. 
G Mitochondrial changes in H9c2 cells detected by transmission electron microscopy after HGPA treatment. Scale bar = 5 μm. Scale bar = 1 μm. H PACS2 
protein expression in HGPA-treated H9c2 cells (n = 3). Graphs show mean ± SD. statistical significance was analyzed using Student's t-test and one-way 
ANOVA. *p < 0.05; **P < 0.01

 



Page 6 of 16Xiang et al. Cardiovascular Diabetology          (2024) 23:432 

PACS2 silencing inhibits cardiomyocyte ferroptosis
To explore the relationship between PACS2 and ferrop-
tosis, PACS2 expression was silenced in cardiomyocytes, 
and sh2 and sh3, which had better silencing effects, 
were selected (Fig.  2A, B). Additionally, the contents of 
iron ions and lipid peroxides in cardiomyocytes were 
detected, and the results revealed significant reversal of 
iron ions and lipid peroxides in the HGPA plus PACS2-
silenced group compared with those in the HGPA group 
(Fig.  2C–F). Electron microscopy results showed that 
mitochondrial plasma membrane thickening was some-
what restored after silencing PACS2 compared with 
the HGPA group (Fig.  2G). This suggests that silencing 
PACS2 can reverse the cardiomyocyte ferroptosis.

HGPA leads to cardiomyocyte ferroptosis via PACS2/
CPT1A/DHODH signalling
GPX4 and DHODH are the key proteins involved in pre-
venting ferroptosis [43, 44]. To explore the possible path-
ways of ferroptosis induced by HGPA, cardiomyocytes 
were treated with HGPA, and protein blotting was per-
formed to detect GPX4 and DHODH levels. Interestingly, 
there was no significant difference in the expression of 
GPX4 between the HGPA group and the control group, 
whereas the expression of DHODH was significantly 
lower in the HGPA group (Fig.  3A). Proteomic analysis 
was used to screen proteins with a 1.5-fold difference in 
size, and KEGG pathway analysis revealed that the pro-
teins were enriched mainly in fatty acid metabolism. On 
the basis of the size of the difference in fatty acid metabo-
lism, a significant difference in the expression of carnitine 
palmitoyltransferase (CPT1A) was detected (Fig. 3D, E). 
As verified by protein blotting, CPT1A was significantly 
higher in the treatment group than in the control group 
(Fig. 3F, G).

CPT1A downregulation inhibits cardiomyocyte ferroptosis
To further validate the specific regulatory mechanism 
of PACS2-mediated ferroptosis in cardiomyocytes, 
we used protein blotting to examine the expression of 
PACS2, CPT1A and DHODH and found that the expres-
sion of PACS2 and CPT1A was upregulated and that the 
expression of DHODH was downregulated in the HGPA 
group compared with the control group. In contrast, 
the expression of CPT1A and DHODH was reversed 
by silencing PACS2 (Fig. 4A–D), indicating that HGPA-
induced PACS2 activated the fatty acid β-oxidation path-
way, which suppressed DHODH (Fig.  4A–D). Next, we 
activated CPT1A with its agonist C75 on the basis of 
PACS2 silencing, detected the expression of CPT1A and 
DHODH via protein blotting, and found that the expres-
sion of CPT1A was elevated and that the expression of 
DHODH was decreased in the agonist group compared 
with the silencing-only group (Fig.  4E–G). We detected 

ferric ions, lipid peroxides, and ROS in these groups via 
fluorescent probes and confirmed that, in the agonist 
treatment group, the expression of ferric ions, lipid per-
oxides and ROS was greater than that in the silenced 
group (Fig. 4E–H). These findings suggest that silencing 
PACS2 inhibits cardiomyocyte ferroptosis through the 
downregulation of CPT1A.

Mitochondrial damage induces ferroptosis in 
cardiomyocytes via the PACS2/CPT1A/DHODH signalling 
pathway
Mitochondrial dysfunction leads to cardiomyocyte fer-
roptosis [45]. The state of type 2 diabetes causes altered 
mitochondrial dynamics—an imbalance between fission 
and fusion—with increased expression of the fission pro-
tein DRP1 and decreased expression of the fusion pro-
tein MFN2, leading to mitochondrial dysfunction [46, 
47]. To verify whether PACS2 regulates cardiomyocyte 
ferroptosis through mitochondrial function, we used 
protein blotting to detect the mitochondrial splitting 
protein DRP1 and the fusion protein MFN2 and found 
that the expression of DRP1 in the HGPA group was ele-
vated compared with that in the control group, whereas 
silencing PACS2 reversed this increase in DRP1 expres-
sion. In contrast, MFN2 expression was decreased in the 
HGPA group, and this decrease was reversed by silencing 
PACS2 (Fig. 5A–C). Immunofluorescence was also used 
to detect DRP1 and MFN2 fluorescence intensity, reveal-
ing that DRP1 fluorescence intensity was significantly 
greater in the HGPA group than in the control group and 
that mitochondrial function was significantly improved 
after PACS2 was silenced. Meanwhile, the MFN2 fluores-
cence content was lower in the HGPA group than in the 
control group, and silencing PACS2 reversed the increase 
in MFN2 fluorescence content (Fig. 5D–G). On the other 
hand, after HGPA treatment, we observed that mito-
chondria in the HGPA group became fragmented and 
swollen, whereas silencing PACS partially normalized 
mitochondrial morphology (see Supplementary mate-
rial Fig. S2A, B). We then assayed mitochondrial func-
tion in cardiomyocytes by adding oligomycin, FCCPand 
rotenone/antimycotic reagents, and showed that silenc-
ing PACS2 restored basal, ATP-generating coupling, and 
maximal oxygen consumption rate (OCR) after HGPA 
treatment (see Supplementary Material Fig. S2C, D) 
Next, we interfered H9c2 cells with shPACS2, activated 
CPT1A with C75 and then treated them with HGPA, and 
detected the expression of DRP1 and MFN2 by protein 
blotting, and found that shPACS2 down-regulated the 
expression of DRP1 and up-regulated the expression of 
MFN2 compared to HGPA-treated group, whereas the 
activation of CPT1A reversed the expression of DRP1 
and MFN2 (Fig.  5H–J). These data suggest that PACS2 
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Fig. 2  Silencing PACS2 blocks ferroptosis in cardiomyocytes. A, B Three PACS2 silencing sequences were selected to infect H9c2 cells, and sh2 and sh3, 
which have good silencing effects, were selected (n = 3). C, D Detection of iron ions by a fluorescent probe after PACS2 silencing in the control and HGPA 
intervention groups of H9c2 cells (n = 3). Scale bar = 20 μm. E, F When PACS2 was silenced, HGPA intervention in H9c2 cells was followed by the use of a 
fluorescent probe to detect the lipid peroxide content in each group (n = 3). Scale bar = 20 μm. G Mitochondria were detected by transmission electron 
microscopy after PACS2 silencing and HGPA intervention in H9c2 cells. Scale bar = 20 μm. Graphs show mean ± SD, and one-way ANOVA was used for 
multiple group comparisons. *p < 0.05;**P < 0.01; ***P < 0.001
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regulates mitochondrial function to promote ferroptosis 
in cardiomyocytes.

Knockdown of PACS2 reverses ferroptosis in mouse 
myocardial tissue
To explore high-fat diet-induced histopathological 
changes and ferroptosis in the mouse myocardium, we 
constructed a diabetic mouse model. High-fat feed-
ing plus low-dose STZ injection for 14  weeks resulted 
in hyperglycaemia and weight gain (Fig.  6A, B). To 
verify the differences between the HFD group and the 
HFD + PACS2−/− group, a diabetic mouse knockout 

model was constructed (see Supplementary material Figs. 
S3, S4), in which fasting blood glucose, total cholesterol, 
and triglyceride levels were significantly elevated in the 
HFD group compared with those in the WT group, and 
the levels of all three indices were somewhat reversed 
in the HFD + PACS2−/− group (Fig.  6C–E). Echocardio-
graphic evaluation revealed that diastolic function (E/e'), 
left ventricular ejection fraction (LVEF%), and left ven-
tricular short-axis shortening (LVFS%) were lower in 
the HFD group than in the WT group, suggesting that 
cardiac dysfunction and the levels of E/e', LVEF%, and 
LVFS% were reversed in the HFD + PACS2−/− group 

Fig.  3  PACS2 induces cardiomyocyte ferroptosis via CPT1A/DHODH signalling. A–C GPX4 and DHODH expression was detected by protein blot-
ting in each group after HGPA intervention (n = 3). D Proteomic heatmap after HGPA intervention. E KEGG enrichment map. F, G Protein blotting of 
CPT1A expression after HGPA intervention (n = 6). Graphs show mean ± SD. Statistical significance was determined using Student’s t-test for two group’s 
comparison.**P < 0.01; ***P < 0.001; ns, not significant
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Fig. 4  The inhibition of ferroptosis by PACS2 silencing is dependent on CPT1A reduction in cardiomyocytes. A–D After HGPA intervention and PACS2 
silencing, protein blotting was used to detect the expression of PACS2, CPT1A and DHODH in each group (n = 4). E–G H9c2 cells were treated with 10uM 
CPT1A agonist C75 for 24 h, plus HGPA, and protein blotting was performed to detect the expression of CPT1A and DHODH. (n = 4). H, I C75-treated H9c2 
cells were assayed with a fluorescent probe to detect the content of iron ions in each group (n = 3). Scale bar = 20 μm. J, K C75-treated H9c2 cells with a 
fluorescent probe to detect the content of lipid peroxides (n = 3). Scale bar = 20 μm. Graphs show mean ± SD, and one-way ANOVA was used for multiple 
group comparisons. *P < 0.05;**P < 0.01; ***P < 0.001
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Fig. 5  Silencing PACS2 attenuates the cardiomyocyte ferroptosis induced by impaired mitochondrial function. A–C after HGPA induction and PACS2 
silencing, protein blotting was used to detect the expression of the mitochondrial proteins DRP1 and MFN2 (n = 4). D, E Silencing of PACS2, HGPA-treated 
H9c2 cells, and expression of the mitochondrial protein DRP1 was detected by immunofluorescence (n = 3). Scale bar = 20 μm. F, G Silencing of PACS2, 
HGPA-treated H9c2 cells, and immunofluorescence to detect the expression of mitochondrial protein MFN2 (n = 3). Scale bar = 20 μm. H–J PACS2 was 
silenced, H9C2 cells were treated with C75, then treated with HGPA, and the expression of DRP1 and MFN2 proteins was detected by western blotting. 
Graphs show mean ± SD, and one-way ANOVA was used for multiple group comparisons. *P < 0.05;**P < 0.01; ***P < 0.001
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Fig. 6  Ferroptosis is inhibited in the myocardial tissue of PACS2 knockout mice. A In the diabetes mouse model, fasting blood glucose was detected at 
different time points (n = 6). B Body weights of the mice at different ages (n = 6). C–E Peripheral blood triglyceride, fasting blood glucose, and cholesterol 
levels in the 4 groups of mice (n = 6). F–J M-ultrasound indices of 4 groups of mice: ejection fraction, short-axis frequency, diastolic function, and left 
ventricular posterior wall (n = 6). K, L Morphology of the 4 groups as determined by HE and Masson staining (n = 6). Scale bar = 20 μm. Scale bar = 2000 μm. 
M Mitochondrial alterations in mouse myocardial tissue in the 4 groups were detected by transmission electron microscopy. Scale bar = 5 μm. Scale 
bar = 1 μm. Graphs show mean ± SD. statistical significance was analyzed using Student's t-test and one-way ANOVA. *p < 0.05; **P < 0.01; ***p < 0.001; 
****p < 0.0001
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(Fig.  6F–J). Morphology revealed that myocardial tis-
sue hypertrophy and fibrosis in HE- and Masson-stained 
myocardial tissue were reversed in the HFD + PACS2−/− 
group compared with those in the WT group (Fig.  6K, 
L). These results suggest that diabetes causes cardiac 
insufficiency and cardiomyocyte hypertrophy and fibro-
sis. Furthermore, we examined the changes in the mito-
chondria of mouse cardiomyocytes via transmission 
electron microscopy, and the results revealed significant 
ferroptosis in the mitochondria of mouse cardiomyo-
cytes compared with those of the WT cardiomyocytes, 
and the ferroptosis phenomenon was reversed in the 
HFD + PACS2−/− group (Fig.  6M). These results suggest 
that high-fat diet-fed mice exhibit ferroptosis in myocar-
dial tissue, which is reversed in PACS2 knockout mice.

Mitochondrial injury induces ferroptosis in mouse 
myocardial tissues via PACS2/CPT1A/DHODH signalling
To validate the regulatory role of the PACS2/CPT1A/
DHODH pathway in diabetic cardiomyopathy in vivo, 
protein blotting was used to detect the protein expres-
sion of PACS2, CPT1A and DHODH, and the results 
revealed that, compared with that in the WT group, the 
expression of PACS2 and CPT1A was upregulated in the 
HFD group, the expression of DHODH was downregu-
lated in the HFD group, and the expression of CPT1A 
and DHODH in the HFD + PACS2−/− group was reversed. 
Moreover, we verified the expression of the mitochon-
drial proteins DRP1 and MFN2, the expression of which 
was elevated in the HFD group compared with the WT 
group and reversed by the knockdown of PACS2, and the 
expression of MFN2 was reduced in the HFD group com-
pared with the WT group and reversed by the knock-
down of PACS2 (Fig. 7A–F). we used fluorescent probes 
to detect iron metabolism, lipid peroxidation, and ROS in 
mouse myocardial tissue. The results showed that the flu-
orescence amount of ferroptosis, lipid peroxidation and 
ROS in the HFD group was differently elevated compared 
with the WT group, and the fluorescence content of the 
group of HFD + PACS2−/− was reversed (Fig. 7G–J). These 
findings confirmed that, under high-fat conditions, the 
PACS2 pathway leads to cardiomyocyte ferroptosis by 
promoting DCM mitochondrial dysfunction.

Discussion
This study aimed to explore the role of PACS2 in DCM 
myocardial ferroptosis. We first found that PACS2 was 
significantly upregulated in the myocardial tissues and 
cardiomyocytes of DCM mice. By exploring the regu-
lation of PACS2, we found that the PACS2/CPT1A/
DHODH signalling pathway is involved in myocardial 
mitochondrial function and ferroptosis. Thus, it is rea-
sonable to further observe that silencing PACS and 
agonizing CPT1A reversed HGHF-induced ferroptosis 

in cardiomyocytes in vitro and reversed high-fat-fed 
mouse-induced ferroptosis in myocardial tissue in vivo. 
We also found that the PACS2/CPT1A/DHODH sig-
nalling pathway leads to cardiomyocyte ferroptosis by 
regulating mitochondrial function. Thus, the present 
study elucidated the possible role and mechanism of the 
PACS2/CPT1A/DHODH signalling pathway in DCM 
cardiomyocytes (as shown in the diagram in Fig. 8).

Since PACS2 can regulate a variety of cellular func-
tions, it has been implicated in the development of vari-
ous diseases, and PACS2 is involved in both membrane 
transport and metabolism [48]. In 2005, Köttgen et al. 
suggested that PACS2 is involved in the transport of 
polycystin-2 [49]. HGPA-induced chronic obesity has 
been reported to cause DCM [50, 51]. Apparently, PACS2 
plays an important role in DCM, although it has not been 
fully elucidated.

In a high glucose- and high fat diet-induced diabetic 
cardiomyopathy model, PACS2 affects mitochondrial 
function by promoting increased ROS production in 
cardiomyocytes, thereby causing obesity in mice [30]. In 
vivo experiments also confirmed that silencing PACS2 
could reverse the myocardial damage caused by high-fat 
feeding in mice. Our previous study revealed that PACS2 
is closely associated with DCM complications [29]. How-
ever, whether PACS2 directly regulates diabetic cardio-
myopathy has not been explored. In the present study, 
we report for the first time that the expression of PACS2 
is significantly upregulated in DCM cardiomyocytes and 
that silencing PACS2 reverses ferroptosis in the myocar-
dium via HGHF. Although ferroptosis is only one mode 
of cardiomyocyte death, the reversal of cardiomyocyte 
ferroptosis reduces mitochondrial dysfunction and lipid 
peroxidation, thereby reducing myocardial injury and 
ferroptosis.

DHODH is an important regulator of the antioxidant 
response that can reduce CoQ to CoQH2 in the inner 
mitochondrial membrane and scavenge lipid peroxides 
in cells [38]. Studies have shown that the activation of 
PACS2 generates large amounts of ROS [31], DHODH 
scavenging is insufficient, and high-glucose and high-
fat conditions induce the continuous generation of large 
amounts of ROS, i.e., an imbalance between the genera-
tion and scavenging capacity of ROS, leading to cellular 
ferroptosis [52]. Previous research has shown that PACS2 
activation causes a decrease in fatty acid β-oxidation 
in DCM endothelial cells, but interestingly, in cardio-
myocytes, we found that PACS2 activation causes an 
increase in fatty acid β-oxidation, which may be related 
to the need for a large amount of oxidative energy in the 
mitochondria of cardiomyocytes [53]. CPT1A produces 
many byproducts in the fatty acid β-oxidation reaction 
while supplying energy, and DHODH, which scavenges 
ROS, is inhibited, causing excess ROS in metabolizing 
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Fig. 7  PACS2 induces ferroptosis in myocardial tissue via CPT1A/DHODH signalling. A–F Protein blotting was used to detect the expression of PACS2, 
CPT1A, DHODH and the mitochondrial proteins MFN2 and DRP1 in the myocardial tissues of the 4 groups (n = 3). G, H Detection of iron ions and Im-
munofluorescence of Cardiac Troponin T (cTnT) in 4 Groups of Myocardial Tissues Using Fluorescent Probes (n = 6). Scale bar = 20 μm. I, J Detection of 
Lipid Peroxides and Immunofluorescence for Cardiac Troponin T (cTnT) in 4 Groups of Myocardial Tissues by Fluorescent Probes (n = 6). Scale bar = 20 μm. 
K, L Detection of ROS and Immunofluorescence for Cardiac Troponin T (cTnT) in 4 Groups of Myocardial Tissues by Fluorescent Probes (n = 6). Scale 
bar = 20 μm. Graphs show mean ± SD, and one-way ANOVA was used for multiple group comparisons. *P < 0.05;**P < 0.01; ***P < 0.001;****p < 0.0001
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cells and ultimately leading to cardiomyocyte ferropto-
sis. Maintenance of mitochondrial integrity is critical for 
the myocardial energy supply. However, in diabetic car-
diomyopathy, both the mitochondrial fusion and fission 
processes are dysregulated, with increased fission and 
decreased fusion [50], as confirmed by our experiments. 
There, an increase in the fission protein DRP1 as well as 
a decrease in the fusion protein MFN2 led to mitochon-
drial dysfunction, attenuated ROS scavenging, and ulti-
mately cardiomyocyte ferroptosis.

In summary, in this study, we found for the first 
time that PACS2 is elevated in DCM cardiomyocytes. 
The increased PACS2 and enhanced PACS2/CPT1A/
DHODH signalling may concurrently contribute to car-
diomyocyte pathogenesis and thus cause cardiomyocyte 
ferroptosis. Mechanistically, PACS2/CPT1A/DHODH 
signalling may act by regulating mitochondrial function 
in cardiomyocytes. Thus, our study suggests that PACS2 
could be a novel potential therapeutic target for DCM.
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